Abstract: Based on remote sensing, geological data, geomorphologic analysis, and field observations, we determine the fault system which is a potential source of earthquakes in Hoa-Binh reservoir. It is the sub-meridian fault system composed of fault segments located in the central part of the eastern and western flanks of the Quaternary HoaBinh Graben: the Hoa-Binh 1 fault is east-dipping ( 
Introduction
The Hoa-Binh hydropower dam, more than 120 m in height, is one of the highest dams in southeastern Asia. This dam is also one of the largest dams constructed on uncompacted foundation in the world. The power plant is of great importance to the economic development of the Vietnam. However, in the Hoa-Binh area, two active normal faults are located less than 2.5 km from the dam to the east. Therefore, the seismic hazard of the dam threatens directly not only Ha Noi city, but all the * E-mail: phantrongt@yahoo.com; trinh-pt@igsvn.ac.vn Red River Delta area -with a population of more than 25 million. To prevent the disaster and to ensure the absolute safety of the Hoa-Binh hydropower dam, we have carried out detailed analysis of geology, geomorphology, and remote sensing in the Hoa-Binh hydropower zone to make a seismic hazard assessment and proposals of the most sensible operation for the Hoa-Binh reservoir. In areas of low density of seismicity with small deformation rate, the pure probability approach is less efficient where recording time is too short and is carried out in areas with long recurrence interval of earthquakes. In this case, it is necessary to assess seismic hazards by using simultaneously seismotectonic methods and probability analysis for each site or for certain areas. The seismogenic capability of active faults is identified through satellite images, to-pographical and geological maps, field survey and earthquake catalogue. The capability at a site is characterized by Maximum Credible Earthquake (MCE) and Peak Ground Acceleration (PGA). The short evaluation of Maximum Credible Earthquake in Hoa-Binh area and seismotectonics along the Red River fault zone was presented in [18] . This paper presents in detail some new arguments of seismicity, induced earthquakes, state of stress, active fault segmentation and its slip rates. This is the basis for the estimation of the Maximum Credible Earthquake. We present also a new approach to estimate maximum PGA, earthquake magnitude and PGA corresponding to various returned periods by the combination of deterministic and probabilistic approaches. This work is an example of the study of seismic hazards of a large dam constructed in an area of low seismicity.
Tectonic setting
The collision between the India and Eurasia plates that took place 50 Ma ago has changed the tectonic framework of Asia [24, 30, 31] . Systematic studies along the Red River Fault zone (RRFZ) from Yunnan to Vietnam [11, 12, 15, 20] proved that almost all gneiss structures situated along the Red River metamorphic zone were formed during Cenozoic. Major left-lateral ductile shear occurred along this zone in the Oligo-Miocene as Indochina was extruded several hundred of kilometers towards the southeast [11, 15, 22] . Neotectonic activity in the Northwest region has been expressed not only by the left lateral strike-slip displacement of the RRFZ, but also occurring along a series of fault zones in the same NW-SE direction [23, 24] . One can observe a series of structures of the Northwest region that was formed during Cenozoic [9] . Over thrusting phenomena were widely developed in the Northwest region as well as Northeast region, such as Hoa-Binh arc and Sa Pa marble [8, 15] . In North Vietnam, the Red River fault zone splays into two major active fault branches. The Red River branch, representing the SW limit of the Day Nui Con Voi metamorphic massif, follows the Red River valley [10] . The Song Chay River branch, which is remarkably clear on Landsat and SPOT images and in its geomorphology, is located NE of Day Nui Con Voi. Toward the SE, the Red River fault itself splays into several faults. The two major ones are located NE and SW of the Red River. Right lateral strikeslip offsets along these faults are determined by analyzing tributaries, stream channels, Quaternary alluvial fans, and river valleys on Landsat and SPOT images, on detailed topographical maps, and by field observations [1, 18, 34] . The fresh geomorphologic appearance of the faults under these intense erosive conditions demonstrates that these faults are active [18] . At present, there is a contradiction between the active fault slip rate calculated from GPS and that calculated according to the geologic data in North Vietnam [1, 4, 5, 19, 31, 32, 34, 35] . In the Cenozoic, the Hoa-Binh area is the result of extrusion of IndochinaSunderland block along the Red River fault zone. The arc system formation probably results from a decrease in the amount of lateral movement in the Red River fault zone to the southeast [15] . This caused the partially northwest -southeast compression leading to the formation of a large thrust zone with the thrust -trend from the northwest to the southeast. Consequently, there are completely mylonized zones strongly foliated and folded on a large scale. For example in the Doc Cun area, middle Permian -Early Triassic and middle Triassic formations were entirely mylonized and nearly have E-W foliation, gently slope angle dipping to the north or the northwest. The foliation trend exhibits a large thrust nappe thanks to a compressive force directed from the northwest to the southeast. After this period, it appeared to be an intense folding on a large scale, also on this site many limbs cropped out with a sub-parallel axial surface trend. GPS data from 1994 to 2007 have shown that, in the present day, the southwestern and northeastern sides of the Red River Fault are moving eastward at the rate of 34.5 mm/yr and southward at a velocity of 12 mm/yr [4, 5, 25] .
The Hoa-Binh dam zone is the regional boundary between RRFZ and Da River zone (Fig. 1) . Uplift of the N-S fault system is expressed clearly by a high and average topographical elevation of more than 200 m in comparison with the southwest wing. This fault is an active normal fault. Typical hanging valleys prove the fast uplift of the NE wing that exceeds the erosion of gravel, sand and soil. The Hoa-Binh N-S fault system does not extend continuously, but it is divided into short segments. Strong separation and extensive activity of the fault are manifested in this segment; the fault system is divided into 2 discontinuous segments that are called as Hoa-Binh 1 and Hoa-Binh 2 Fault segments.
Materials and Methods

Materials:
In this area, we used geological maps of scale 1/50.000 and 1/200.000 from the Department of Geology and Mineral Resources, with air photos and topographic maps of scale 1/50.000 from the Department of Geodesy. LAND-SAT and SPOT satellite images were used for the investigation of active faults. The earthquake catalog employed is from the Institute of Geophysics, Vietnam Academy of Science and Technology. In the field, we investigated geomorphology of active fault and 5 profiles of radon investigations. We performed geological investigations along cross sections by trenching.
Methods:
State of stress.
State of stress is an important parameter in the evaluation of the Maximum Credible Earthquake. From fault populations, one has information on normal vectors of the faults and slip vectors of the striations on the surface of the faults. The slip on fault surface is the result of different tectonic phases. One has to determine different stress tensors corresponding to various tectonic phases. One pays more attention to stress tensor of latest tectonic phase or recent tectonic phase related to earthquake source. The inverse method used to separate tectonic phases [16] is as follows: 1) An intermediate parameter is defined, which is a piecewise linear function of the aspect stress ratio. Each value of this parameter is assumed to have its own probability density. 2) A value R*, corresponding to the maximum of the probability density function, is taken as a representative value for the determination of the stress ratio.
3) The influence of the parameter Ri determined from the ith fault on R* becomes less weighty when it is different from R*. 4) The stress tensor is determined by minimizing the deviation between the parameter Rj and the representative value R*. 5) The criterion of fracture is taken into account. 6) The influence of fault planes on the deviation of stress ratios is taken into account. The stress tensor is calculated by minimizing via least squares, the following function:
α β γ are Euler angles. are ith normal and slip vectors deduced from ith fault. In general, we observe a polyphase superposition of stress field in the studied region. The principle used to separate the different tectonic phases is as follows. All the faults are used to determine the function F. At the first stage of calculation, the stress tensor corresponding to the global minimum of F is considered to be that of the latest tectonic phase. A population of faults defining this tectonic phase is eliminated before determining the new function F in the second stage of calculation. The stress tensor corresponding to the second tectonic phase is obtained by minimizing F. The processing continues until the remaining fault set cannot define a stress tensor.
Active faults
One considers a fault as an active fault if one has an evidence of displacement or paleoearthquakes during the Holocene. In the area of low deformation, Pleistocene faults are those active faults that have been investigated at the surface and which has evidence of movement in the past 1.6 million years. From satellite images and aerial photo, one can reveal an active fault from a fault scarp. The fault scarp is the topographic expression of fault related to the displacement of the surface by slip along faults. It is a small step on the land surface where one side of a fault has moved with respect to another. They are a result of various movements and erosion along an old fault or by a slip on a recent fault. Various methods of remote sensing such as directional filtrate, the integration of digital elevation modelling (DEM), and satellite images can help us to identify fault scarp. Fault scarp is usually the representative of normal fault or strike-slip fault. Due to the uplift along the fault, the fault scarp is particularly susceptible to erosion, especially if the material being uplifted consists of unconsolidated sediment. The geomorphological observation in the field can reveal if it is active or old fault. Fault scarp that cuts across Holocene fan is a candidate of active fault. One can recognize normal active fault from the observation of triangular facet along fault scarp. The segmentation of active fault is affected generally by the observation of fault scarp length. Along fault scarp, the representation of triangular facets is an argument of normal active fault. One can decide to make trenching across fault scarp, in the Holocene fan. The evidence of displacement along faults in Holocene is a direct indicator of active fault. If one has the offset of a sediment layer at two sides of the fault and the age of this sediment, one can estimate of slip rate of active fault. From trenching across fault scarp, one can reveal events of paleoearthquake in the pass. The age of Holocene sediment is dated generally by isotope Carbon 14.
Radon investigation
Radon is a naturally occurring radioactive gas that results from the decay of trace amounts of Uranium and Thorium, found in most rock and soil. Radon gas levels vary from location to location. It is possible for any granite to contain varying concentrations of uranium and other naturally occurring radioactive elements. These elements can emit radiation and produce radon gas, a source of alpha and beta particles and gamma rays. Some types of granite may emit gamma radiation above typical background levels. The Uranium stays in the ground, but Radon gas seeps upward along active faults. One uses Alpha-track radon gas detectors to investigate radon gas along crosssection, across the fault scarp. Each Alpha-track radon gas detector contains a detector element, called a foil. When radon atoms decay inside the detector, they release alpha particles. If the alpha particles strike the foil, they make microscopic tracks in the surface of the foil. When the detector is analyzed, the foil is chemically treated to enlarge the alpha tracks, which are counted on an automated system. The average radon level is calculated from the number of tracks, and the number of days the detector was exposed. Radon concentration is usually measured in Becquerel per cubic meter (Bq/m 3 ). Typical domestic exposures are about 100 Bq/m 3 indoors, and 10-20 Bq/m 3 outdoors. It is measured in picocuries per liter (pCi/L) in the USA, with 1 pCi/L=37 Bq/m 3 . Radon levels vary with daily and in response to weather conditions and ventilation patterns. For these reasons, it is preferable to make the measurements for a long period of 5 days. For each region, one establishes a map of the background level of Radon. One considers the existence of an anomaly of radon if the radon level is 3 times higher than background levels. Radon investigation is only indirect method to detect active faults. These techniques are only used as a complementary method.
Maximum Credible Earthquake
One uses fault segments to assess Maximum Credible Earthquake (MCE) by seismotectonic methods, integrating many formulations according to fault length, rupture area and seismic moment [3, 4, 14, 16, 19] . One can give an example of the determination MCE from the fault area according to Well -Corpersmith [26] , regressions of Surface Regression of Surface Rupture Length and Moment Magnitude for the state of stress of extension is following:
M is moment magnitude; SRL is Surface Rupture Length; standard errors of a and b are 0.34 and 0.26, respectively. Regression of Rupture Area, and Moment Magnitude for the state of stress of extension [26] is
RA is Rupture Area; standard error of a and b are 0.23 and 0.10, respectively. Regression of Moment Magnitude (M) and Maximum Displacement for state of stress of extension [26] is
MD is maximum displacement; standard error of a and b are 0.09 and 0.15, respectively. On seismic moment approach [6] , a physically meaningful link between earthquake size and fault rupture parameters is seismic moment; the seismic moment is determined by:
Where Mo is seismic moment, µ is the shear modulus, 3.0×10 11 dyne/cm 2 for crustal faults [6] , L is rupture length, W is rupture width, and D is the maximum slip displacement. MCA is calculated from [6] :
where M is MCA. The amount of maximum displacement is unknown. Nonetheless, it could be estimated by continuous approximate solution deduced by a formula of maximum displacement according to Well-Coppersmith [26] . D is deduced from 2 and 3. Calculating of MCE is an iterative process. In the first step, the amount of maximum displacement is evaluated based on data acquired from assessing maximum earthquake according to different approaches, from which to estimate seismic moment.
After averaging main numbers and normalizing errors, the amount is deduced from Well-Coppersmith's formula. In the second step, based on seismic moment, the magnitude of maximum earthquake is determined, and this process is iteratively operated until acquired results are stable [18] . To calculate MCE, the fault depth can be estimated in 2 ways. The first is based on the depth of earthquake hypocenter in the area and along the fault zone. The second is based on the change in mechanical behavior of the earth's crust with depth. In our study, the methods used to calculate MCE are based on the state of stress combined with the fault length [16, 19] and the fault area from WellCoppersmith [26] , Wyss [29] , Woodward-Clyde [28] . We take the coefficient 1 for fault length approach because the information deduced from fault length is less confidence, coefficient 2 for rupture area approach because the information deduced from fault area is high reliability and coefficient 3 for seismic moment due to its most physical signification.
Seismic hazard
We use the attenuation models 1, 2, 3, 4 of Campbell [3] , Idriss [7] , Xiang & Gao [33] , Woodward-Clyde [28] , Ambraseys [2] . For example, the Xiang & Gao [33] formulation is as follows: PGA = 252 9 0 5155 (R + 10)
where R (Km), is the distance from earthquake hypocenter to the site. One takes the weighted average to calculate PGA by different methods. The model 4 of Campbell is based on global data of strong ground motion near the source, so it has high reliability in the case of assessing earthquakes within 50 km or less. The above formulae can use the coefficient 3 for calculating the average weight. The formula of Xiang & Gao [33] can use the coefficient 2 because it is set up from data of earthquake in Yunnan region, which has a similar geological setting and structure as that in Vietnam. For estimating Magnitude and Peak Ground Acceleration corresponding to return periods, we use a b value of 0.7 in GutenbergRicher line determined by Nguyen [13] . The probabilistic approach usually uses the seismotectonic model as some area with different MCE. In our case, we use a narrow area corresponding to fault segmentation with MCE determined by deterministic approach and surrounding area of no earthquake. The calculation of ordinary probabilistic approach with this simple model will give us a combination of deterministic and probabilistic approaches. 
Results
State of stress
Using the inverse method [16] , we separate 2 tectonic phases from fault population. The stress tensor of the latest tectonic phase corresponding to the solution chosen from 70% fault population. This is an extension with maximum stress axis σ 1 of sub-vertical. The minimum stress axis σ 3 is sub-horizontal with the direction E-W. This tectonic phase of Pliocene -present time is observed along the Red River fault and Northwestern region [18] . The older tectonic phase corresponding to 30% fault population has intermediate stress axis σ 2 of sub-vertical and minimum stress axis of sub-meridian. The distribution of the two stress fields is represented in the Figure 2 . The state of stress corresponding to the present time has 2 significations; it is used to compare with the kinematics of active fault, and to estimate MCE.
Radon anomaly
We carry out 5 profiles of Radon investigation across the fault scarp in the Hoa Binh region. The cross-sections prolong 100-150 meters with the distance of each foil of 5 meters. The background level of Radon in Hoa Binh area is 25 Bq/m 3 . At some site next to fault scarp, one can observe a Radon anomaly of 70 -85 Bq/m 3 . This anomaly is relatively high characterizing the activity of the active fault. However, Radon anomaly are not typical along the fault scarp. At some sites of fault scarp, the Radon level is only equal to the background.
Active fault segmentation
From Landsat, Spot satellite images and DEM, we defined three N-S trending segments developed next to the Hoa-Binh dam root which generated a nearly verticalflank graben (Fig. 3) . In some localities, the graben is 2.5 km wide and files up with alluvial-pluvial deposits of up to 70 m in thickness. The fault segment in the eastern flank is 8.4 km long, and that in the west flank is 4 km long. The distance between the latter and the dam is only 0.3-2.5 km. Extensive displacement of the two fault segments can be clearly observed in Spot images, Landsat images, DEM and in the field. This movement is apparently characterized by triangular facets (Fig. 4) . The result obtained from geomorphological observation is entirely consistent with the stress field that is predominated by E-W extension in Pliocene-Quaternary [17] . We identified the fault systems which are potential earthquake sources. In the trench, one can observe mylonite and fracture zones. The sub-meridian fault system consists of segments located in the central part of the eastern and the western flanks of the Quaternary Hoa-Binh graben. Aside from faults controlling the Hoa-Binh graben -which have length of more than 10 km -other faults often are less than 10 km long (Fig. 3 and Fig. 4) .
In the contem- poraneous tectonic framework, this is the youngest fault cutting all older structures and former framework. On each flank of the Hoa-Binh -Bat Bat graben, the normal fault planes are nearly 60-65
• , dipping towards the graben center, and each fault coincides with some landforms like fault scarp or triangular facets and controls the distribution of river terraces and alluvial layer. In a general view, all of the regions belonging to the SW part of the RRFZ, Quaternary grabens and tectonic breccia zones developed close to the Red River Fault with acute angle exhibit right lateral movement regime of the RRFZ itself during Late Cenozoic. The sub-meridian fault system controls the structure of the Hoa-Binh graben and is distributed along its both flanks. The western fault branch running across the Ong Tuong Hill area is more than 4 km long, with the fault plane dipping eastwards. Along this segment, it was recognized a number of normal active shear zones in the trenching across the fault scarp. The eastern fault branch is formed by one segment whose length is about 8.4 km (Fig. 3) . Along this segment, triangular facets characteristic for normal faulting markedly developed. In addition, the active shear zone system in the Doc Cun area is also well identified. The fault controls the river flow and stream system according to different base levels. The Da river changes direction from WNW-ESE to N-S, following the Hoa Binh graben, before confluence with the Red River. Many ponds and swamps are located along the graben. Fault systems can be seen clearly on satellite images and in actual topography through fault scarps and triangular facets. Remarkably, along some segments in the east of the Hoa-Binh depression, we identified a series of triangular facets in Lang Ngoi and Lang Su areas (Fig. 4) . These facets have a height of 70-100 m and the width of foot side of more than 500 m. Along with some segments in the west of the Hoa-Binh depression, such as in the Ong Tuong Hill and Doc Cun areas, the active shear zones are of the normal slip. Fault gauges consist of clay, debris of ferrous-gel in the fine-soft-porous state. In some sites, one can ob- serve striations on the fault plane. In Ong Tuong hill area, the active shear zones cut across 20-50 m-wide bedding plane system (bedding plane of E-W trend, dip of 75-80
• ), and they are filled up with black gray clay material (Fig. 5 ). Landslides and cracks occurred in 1996 without earthquake along fault scarp in the eastern branch of the Hoa-Binh graben. In the Doc Cun area and low hill range situated in the east of the Hoa-Binh dam, one can observe a shear zone of larger 60-80 cm. The slip on the shear zone gives evidence of extensive faulting.
Fault slip rate
The Hoa-Binh graben is filled up with formations of alluvial-colluvial pebble, gravel, sand and a little of marshy facies in the south of Hoa-Binh City. The thickness of late Pleistocene sedimentary layers varies from site to the site and reaches 50-80 m in Hoa-Binh City. From the age of late Pleistocene sediments (about 120 -150 Ka), we estimate the fault slip rate as 0.3-0.7 mm/yr. From the facet's height of 60-100 m and summing, the facet's age is related to Riss glacial cycle which occurred 55,000-150,000 years ago [18] , we estimate the slip rate in order of 0.4-1.1 mm/yr. Combining the two approaches, the rate of normal faulting in Hoa-Binh hydropower dam is estimated as 0.3-1.1 mm/yr.
Maximum Credible Earthquake and seismic hazards
There are little seismic and paleoseismic data, and seismic station network is less dense so no calculation on exact earthquakes location and focal mechanisms are available. Earthquake catalog is mainly based on oral statistics and ancient documents from the 12 th century to recent ( Fig. 6 and Appendices). According to these documents, in that period there were several earthquakes with M>3. Notably, after Hoa-Binh hydropower plant came into operation in 1989, the water level of the reservoir was raised, amd several induced earthquakes with M>3.0 occurred with seismogenic source from tectonic components of HoaBinh graben (Fig. 7 and Table 1 ). In order to assess seismic hazards in Hoa-Binh hydropower dam area, we focused on the fault systems of significant size. The submeridian fault system is distributed along two flanks of the graben. The western fault branch is more than 4 km long with nearly vertical fault plane dipping to the east. The shortest distance from the section Hoa-Binh 1 (HB1) to Hoa-Binh dam is about 0.3 km, the fault dip is determined as 75
• . The eastern fault branch forms one segment of 8.4 km in length. The shortest distance from the section Hoa-Binh 2 (HB2) to the Hoa-Binh dam is about 2.5 km, the fault dip is determined as 70
• . For seismic hazard assessment, we estimated firstly the MCE. From MCE and distance from the fault to the hydropower dam, we estimated the Peak Ground Acceleration (PGA). The estimation of MCE of Hoa-Binh 2 fault segments in the Hoa-Binh dam is presented in the Table 2 . MCE of HoaBinh 1 fault segment is 5.6. PGA caused by Hoa-Binh 2 fault segment at the Hoa-Binh dam is represented in the Table 3 . Using the value b of 0.7 determined from seismic data [13] , we estimate PGA corresponding to different recurrences by probabilistic approach. Ground accelerations corresponding to return periods of 950 and 475 years are represented in the Table 4 and the Table 5 , respectively. 
Discussion
During the year 1970, in preparation for the construction of the Hoa-Binh dam, Vietnamese and Russian workers carried out a series of geological and geophysical investigations. However, they did not pay attention to active faults. For seismic hazard assessment, they used only the old experimental law. The Cho Bo fault of the direction E-W was considered as the source of earthquake occurred in this area. However, in our study, we have not found any evidence of active displacement along Cho Bo fault. The Hoa-Binh hydropower dam has been considered in the design of seismic intensity of 8 on MSK scale. It is difficult to compare the MSK intensity to the PGA in this study. However, seismic hazard determined from this study is much larger than that one estimated by Russian experts [13] . Using the first and third Gumbel's asymptotic distribution, Nguyen estimated MCE for Vietnam from the earthquake catalog for the period 1903-1988 [14] . The highest value of the maximum earthquake of magnitude 7 is estimated for the Ma river zone within a return period of 123 years. For North Vietnam, the occurrence of earthquakes with magnitudes higher than 6.0 within 50 years is predicted with 90% probability. In the region where relative movements are significant and reach several cm/yr, seismic activity is intense enough to give a complete representation of the deformation in a short time. However, in the Hoa-Binh region as in the whole Red River fault zone, the fault slip rates are limited to several mm/yr [18] . In this case, earthquake recurrence is extremely long, and seismicity does not reflect the accumulated strain. That is why our approach shows that it is more advantageous than the pure probabilistic one. PGA was estimated for the first time in Vietnam in UNDP's Project for assessment of earthquake hazard for the Hoa-Binh hydropower dam in 1993 [27] . The evaluation of MCE was based only on the fault length [21] . PGA of not greater than 0.4 g was estimated from the first model of Campbell. Using more detailed investigations and more robust methods, the PGA determined in this study is more precise than that one determined from Winter et al. [27] . The result from Winter et al. based on only 1 formula only does not permit an estimation of error.
Conclusions
Based on the air photos, satellite images, and geomorphologic observation, we identified the N-S active fault systems as potential sources of earthquakes in Hoa-Binh reservoir. These fault systems consist of two fault segments: the first segment is east-dipping, 4 km long, with the dip of 75-80
• , and the second one is 8.4 km long, dipping westward with an angle of 70-75
• . We estimated the rate of normal faulting in Hoa-Binh hydropower dam as 0.3-1.1 mm/yr. The fault segment HB1 could produce the Maximum Credible Earthquake of 5.6 and Peak Ground Acceleration at Hoa-Binh hydropower dam of 0.3 g. The fault segment HB2 could produce the Maximum Credible Earthquake of 6.1 and PGA at the Hoa-Binh dam of 0.4 g. We suggest that, for evaluation of seismic hazard, we have to use various seismic, geological and geomorphological data and combination of different methods in the estimation of Maximum Credible Earthquake and Peak Ground Acceleration. We also require a combination of deterministic and probabilistic approaches. The assessment of seismic hazard in Hoa-Binh reservoir is a good example of the study of seismic hazards of a large reservoir constructed in an area of low seismicity, and the limitations of the seismic attenuation law.
